Solitons are fascinating mathematical objects which arise as solutions of certain integrable nonlinear evolution equations [1] . Their remarkable collision behaviour and other dynamical properties have led them to find applications in several fields ranging from water waves [2] , plasma physics [3], nonlinear optics [4] to Bose-Einstein condensates (BEC) [5] .
Especially in optics, they result due to a delicate balance of natural dispersive spreading of the wave by an inherent nonlinearity, namely Kerr nonlinearity. Solitons in single mode optical fibres were first predicted by Hasegawa and Tappert [6] and experimentally confirmed subsequently by Mollenauer et al. [7] . Following this, there has been a great surge of studies on optical solitons. One important aspect of such a study which is recently receiving attention is multicomponent solitons (MSs) [8] . Some examples of multicomponent solitons are partially coherent solitons [9] , soliton complexes [10] , multi-mode pulses in optical fibers [11] , symbiotic solitons [12] , spinor solitons [13] , etc.
The work horse for such enormous studies on MS is the celebrated Manakov model [14] , which is also known to be integrable [15] . In optics, the Manakov system governs the propagation of a pair of orthogonally polarized high intense optical pulses in single mode optical fibers. The interplay between the dispersion and the self phase modulation (phase shift in a given mode depending upon its own intensity) as well as the cross phase modulation (phase shift due to the intensity of the co-propagating mode) effects result in optical solitons.
Recent developments in photonic crystal fibers have lead to significant developments in the experimental observation of such optical solitons [16] .
The incoherently (intensity dependent nonlinearity) coupled nonlinear Schrödinger system describing the propagation of two orthogonally polarized high intense optical pulses in an elliptically birefringent fiber with high birefringence can be casted as [17] ,
where ζ and τ are respectively propagation direction and time, Q j 's, j = 1, 2, are complex slowly varying amplitudes, β 1x and β 1y are inverse of group velocities of two modes, β 2 represents group velocity dispersion (GVD) and the effective Kerr nonlinearity coefficient γ is defined as
, where n 2 is the nonlinear index coefficient, ω 0 is the carrier frequency and A ef f is the effective core area. Here γ and β 2 are same for both the pulses as they are at the same wavelength. The cross phase modulation coupling parameter B = 2+2 sin 2 θ 2+cos 2 θ , where θ is the ellipticity angle which can vary between 0 and π/2. For lossless fibres, after suitable transformations, the above equation (1) can be expressed in the following dimensionless form using soliton units [17] ,
where the dimensionless length and retarded time are defined as z =
with T 0 and P 0 being the initial width and peak power,
. In the anomalous (normal) dispersion regime, β 2 < 0 (> 0), where the high (low) frequency pulses travel faster than the low (high) frequency pulses, the above equation is referred as focusing (defocusing) coupled nonlinear Schrödinger (CNLS) equation and the fibre supports bright (dark and dark-bright) solitons. These are consequences of the polarization modulation instability [18] . For the polarizing angle θ = 35
• (for which B = 1) in the anomalous dispersion regime, with trivial transformations z = z 2
, q j = µQ j , j = 1, 2, and dropping the prime, we get the standard Manakov model in normalized form as [14] ,
The Manakov system (3) has been extensively studied (for details see [14, [19] [20] [21] [22] [23] [24] and references therein). The striking feature of this Manakov system is the fascinating energy sharing collision of bright solitons as a consequence of change in the polarization vector during collision. In such energy sharing collision, the intensity of soliton in a given component can be enhanced (suppressed) while the other soliton experiences an opposite effect. Contrary to this the solitons in the second component display a reverse scenario thereby preserving the total intensity as well as the intensity of the individual component [19] [20] [21] [22] [23] [24] . Following this, multisoliton interactions in various multicomponent CNLS type systems including the Manakov system have been studied in Refs. [21, 23, 24] . These Manakov bright solitons have been experimentally realized in Al x Ga 1−x As waveguides [25] and their energy sharing collision has also been experimentally demonstrated [26] . Recently, optical dark rogue waves have also been experimentally observed in the Manakov model with defocusing nonlinearity [27] . Thus the Manakov solitons are suitable candidates for experimental realization and for further technological applications. Also, in Ref. [28] it has been clearly demonstrated that this energy sharing property of the Manakov solitons is preserved in the presence of fibre losses and is robust against strong environmental perturbations. This shows that the present construction procedure will hold good even in the presence of losses.
From a technological point of view, in the era of digital electronics, integrated circuits are usually made up of universal NOR and NAND gates which are considered to be the basic modules of all other logic gates. However, modern day computers have their own demerits such as heat dissipation, processing speed, space, and speed of transmission, etc. [29] [30] [31] [32] .
To overcome these difficulties, many researchers proposed that the light field, especially solitons, can act as the carrier of information instead of electrons which we employ in our present day computers [33] [34] [35] [36] [37] [38] . As an important advancement in optical computing, in Ref.
[38], the criteria required for practical optical logic (POL) are nicely discussed in detail. In
Ref. [34] Here, we consider the interaction of the four bright solitons in the Manakov system, described by four soliton solution given in the supplemental material [42] . As pointed out earlier, during the energy sharing collision, the Manakov solitons experience a change in their states (polarizations) due to the enhancement or suppression of intensity which is the desirable property for performing computation. Also, it is sufficient to examine these states well before (i.e., at the input) and well after (output) collisions. The key idea is to define the asymptotic states of the j th soliton as
, where A j± 1,2 are the polarization components (1,2) of the j th soliton. Here suffices denote the components, +(−) designates the state after (before) collision and superscript j represents the soliton number. The logic gates deal with binary logic, either 1 or 0. We define such 1(0) state if the intensity |ρ j ± | 2 of the state vector exceeds (falls below) a particular reference value. This clearly shows that our construction procedure avoids the critical biasing, a property for POL mentioned in Ref. [38] . Additionally, as we are dealing with states defined by the ratio of intensities, the important differential signalling criteria required for POL [38] is also naturally satisfied.
Also, we may note that the Manakov solitons undergo pair-wise collisions. In our construction procedure, we are going to consider four solitons which interact in a pair-wise manner and we denote the input solitons as unprimed solitons S j , j = 1, 2, 3, 4. We will refer the solitons emerging after the first, second and third pair-wise collisions as primed, double primed and triple primed solitons respectively. In fact S j represent the output solitons. A schematic diagram of this collision process is shown in the supplemental material [42] . The intensities of the four colliding solitons at the input and at the output are calculated analytically from a systematic but rather lengthy asymptotic analysis, presented in the supplemental material [42] . Here, we assume that the soliton parameters k jR > 0;
, where the suffices R and I denote the real and imaginary parts.
For constructing the universal NOR gate, the inputs are fed into the solitons S 1 and S 2 before interaction, and the output is taken up from the soliton S 4 after interaction. Thus the input and output solitons are treated separately which will prevent the input pulses to be reflected back into the output pulse, a criteria referred as input/output isolation necessary for POL. The explicit forms of the states of the solitons S 1 and S 2 before interaction are
Similarly, the state of the soliton S 4 after collision is given by The ratio of intensities of the solitons S 1 , and S 2 before interaction as well as the soliton S 4 after interaction can be obtained by taking the absolute squares of these complex states and they are given by |ρ 1− | 2 , |ρ 2− | 2 and |ρ 4+ | 2 , respectively. Hence, one can measure the ratio of the intensities of the input/output solitons analytically from the asymptotic analysis. Then as mentioned before if the ratio of intensities of a given soliton S j is greater (less) than some specific threshold value, say 1, before interaction then we denote the input state of S j as "1(0)" state. Thus 1(0) state of soliton S j corresponds to |ρ j− | 2 > 1(< 1). To achieve the required output corresponding to the NOR gate from asymptotic analysis, we deduce the following condition on the soliton parameters:
4 .
The above relation (6) is obtained by imposing the condition, ρ 4+ = (ρ 1− + ρ 2− ) −1 on the state vectors of the input solitons (S 1 , S 2 ) and the output soliton (S 4 ) so that the Boolean algebra of the NOR gate is satisfied. Assigning (0, 0) input states to (S 1 , S 2 ) by choosing
2 = 5, we achieve the "1" output state from soliton S 4 for the parameter choices k 1 = 0.5 + i, k 2 = 1 + 0.5i, k 3 = 0.9 − 0.5i, k 4 = 1.3 − i, α i ,i, j = 1, 2, parameters are varied. The quantities plotted in all the figures given in our work are in dimensionless form. In Figure 1 , the first column (a) displays the mesh plots of the intensity profiles while the middle and last columns (b) and (c) depict the two dimensional plots of intensities at the input (z = −15) and at the output (z = 15), respectively. Fig. 2(a) demonstrates that choosing (0, 1) input states to solitons (S 1 , S 2 ) for
2 = 2, we get "0" as the output state of S 4 after interaction. Next, (1, 0) input states are assigned to solitons (S 1 , S 2 ) and the "0" output state is observed at the output of soliton S 4 for α
2 = 5 which is shown in Fig.  2(b) . Finally, when (1, 1) input states are given to solitons (S 1 , S 2 ), the "0" output state results for soliton S 4 for the parameter choices α
2 = 2 as shown in the last column as Fig. 2(c) . The two dimensional plots of intensities corresponding to i , i, l = 1, 2, parameters as discussed above. However, all the other soliton parameters except α (2) 4 can have arbitrary values while it is fixed by the condition (6) for the desired output that fulfills the truth table.
In a similar fashion, the OR gate can also be constructed from the condition ρ 4+ = ρ 1− + ρ 2− . The explicit form of the condition and the collision scenario leading to OR gate are provided in the supplemental material [42] .
Another advantage of this theoretical construction procedure is that the universal two input NOR gate can also be constructed by cascading the output of the one input gate, a desirable property for POL. To elucidate this, we point out that in a four soliton collision process, the first three solitons can be used to realize the one input copy gate [39] where the input at S 2 is copied at the output of S 3 (say S 3 ). Now, this S 3 and the input at S 1 can act as the two inputs for the NOR gate while the output is taken away from the soliton S 4 , say S 4 as usual. This demonstrates the possibility of cascadability. Similarly, another important criteria of POL, namely Fan-out can also be achieved from our present theoretical after collision, say solitons (S 2 and S 4 ) by appropriately imposing conditions on the soliton parameters. This really implies the process of fanout which indicates the state of one soliton (S 1 ) before collision is used to drive as an input to at least two solitons (S 2 and S 4 ) after collision. The details of this will be presented elsewhere.
Here the optical pulses propagate in the form of solitons which are by nature well localized structures that can travel over long distances without alteration in shape. This special property of solitons can restore the logic signal throughout its propagation in an optical fibre. Hence, our theoretical work completely satisfies all the criteria necessary for realizing POL. This clearly demonstrates the strength and versatility of our theoretical construction of universal logic gate which will have significant impact in realizing optical logic.
In summary, we have demonstrated theoretically the construction of the universal gate, namely the NOR gate as well as the OR gate using the energy sharing collision of four bright solitons in a high birefringent fiber described by the famous Manakov system. Here the computing is performed by analyzing the asymptotic state variations of the colliding solitons that follows from a detailed asymptotic analysis of the explicit four-soliton solution of the Manakov system. We have demonstrated systematically that by altering the polarization parameters of the input solitons S 1 and S 2 , one can realize the favourable output from the soliton S 4 without adjusting any other parameters. This implementation of universal NOR gate is quite interesting and will provide the gateway for the experimentalists to realize the optical logical gates including the universal gate. We wish to remark that our theoretical construction of logic gates very well satisfies all the criteria required for POL recently discussed in Ref. [38] . As the computation is performed in a conservative system, it will have its own advantages like re-usage of the output solitons. Another important point that can 
FOUR SOLITON SOLUTION OF THE MANAKOV SYSTEM
Using the Hirota's bilinearization method, we obtain the four bright soliton solution of the Manakov system in Gram determinant form as below [1, 2] :
where
In the above expression, I is a (4 × 4) identity matrix,
The elements of the matrices A and B are given by
, i, j = 1, 2, . . . , 4.
In equation (1), † represents the transpose conjugate, k j = k jR + ik jI , j = 1, 2,, where the real part of k j (k jR ) represent the amplitudes of the solitons and the complex part of k j (k jI ) represent the velocities of the solitons. One can refer to [2] for a detailed derivation of the above Gram determinant form of four soliton solution.
SCHEMATIC OF FOUR SOLITON COLLISION PROCESS
The schematic pair-wise four soliton collision process considered in our work is shown below. 
ASYMPTOTIC ANALYSIS OF FOUR SOLITON SOLUTION OF THE MAN-AKOV SYSTEM
Considering the above four soliton solution, without loss of generality, we assume that the quantities k 1R , k 2R ,k 3R , and k 4R are positive and k 1I > k 2I > k 3I > k 4I . For this condition, the asymptotic behaviour variables η iR 's, i = 1, 2, 3, 4, for the four solitons (S 1 , S 2 , S 3 and S 4 ) is given below.
We have the following asymptotic forms of the above four-soliton solution.
(i)Before Collision (limit z → −∞):
In the above equations, the various other quantities are defined below: 
, and
, i, l = 1, 2, 3, 4.
(ii)After Collision (limit z → ∞):
After interaction (as z → ∞) the forms of the solitons are given below.
In the above equations, table and the intensity table of the OR gate, respectively. 
